Analysis of both the aggregated and non-aggregated fractions of aggrecan isolated from adult human intervertebral disc using immunoblotting with antibodies specific for the different domains constituting the aggrecan core protein or atomic force microscopy revealed that many components contained the G1 domain. However, little of the disc aggrecan was able to reform aggregates with hyaluronan, as determined by gel filtration chromatography, suggesting that the G1 domains had been rendered nonfunctional. Since previous studies have shown that disc aggrecan undergoes non-enzymatic glycation with age, the functional effect of such modification was investigated in vitro using bovine aggrecan isolated from young animals. Incubation of monomeric aggrecan with ribose to induce glycation rendered it unable to form complexes with hyaluronan stable to agarose gel electrophoresis or gel filtration chromatography. Similarly, extended treatment of intact proteoglycan aggregate with ribose resulted in destabilisation of the complex with separation of the aggrecan from the hyaluronan. Although it is clear that proteolysis occurs in the intervertebral disc and gives rise to some non-aggregating molecules, a different mechanism is required to explain the presence of many non-aggregating molecules bearing the G1 domain. The products of nonenzymatic glycation of the globular domains of aggrecan would account for this phenomenon and explain why some of the non-aggregating molecules are still large proteoglycans. While such molecules may be retained in the nucleus pulposus, they may be able to diffuse within it, reducing the ability of the tissue to resist compression under asymmetric loading such as bending and ultimately contributing to disc degeneration.
Introduction
The ability of the spine to flexibly support our upright posture is integrally linked to the design of the intervertebral discs that interleave the vertebrae. Each intervertebral disc is composed of an outer annulus fibrosus which is rich in type I collagen and the inner nucleus pulposus which is rich in proteoglycans, primarily the large aggregating proteoglycan, aggrecan. The large size of this proteoglycan and its substitution with numerous sulphated glycosaminoglycan chains provides an immobilised fixed negative charge which endows the tissue with powerful osmotic swelling properties and consequent resistance to static and dynamic compressive forces. Retention of these molecules within the extracellular matrix of the nucleus pulposus is therefore essential to disc function.
The aggrecan molecule consists of a multi-domain ~250 kDa core protein substituted with chondroitin sulphate, keratan sulphate and unsulphated oligosaccharides (Fig. 1a) . The N-terminal globular G1domain is composed of an immunoglobulin (Ig) module, which mediates protein/protein interactions with a homologous domain in the ancillary proteoglycan aggregate component, link PJ Roughley et al. Origin of non-aggregating disc aggrecan protein, along with two copies of a hyaluronan binding motif also termed the proteoglycan tandem repeat (PTR). Link protein also consists of an Ig module and two PTR motifs. Multiple aggrecan molecules (over 100) bind to a hyaluronic acid filament by way of the PTR motifs in their G1 domains and these complexes are stabilised by interaction with a link protein molecule which binds to the G1 domain and the adjacent region of the hyaluronan strand though its own PTRs. The G1 domain is followed by a short extended interglobular domain (IGD) leading to a second globular domain (G2), which consists of two PTR motifs for which no specific function has been determined so far. The extended nature of the IGD renders it particularly susceptible to proteolytic attack. Such cleavages result in the release of the main glycosaminoglycan-containing component of the aggrecan molecule from its attachment of the hyaluronan filament. The long extended glycosaminoglycan substituted region, which constitutes a major proportion of the protein core, is located between the G2 domain and a C-terminal G3 domain and is divided into three regions. Following the G2 domain is a region rich in 5-15 kDa keratan sulphate chains. The chondroitin sulphate chains (~20 kDa) are located in two domains designated CS1 and CS2. The human CS1 domain is polymorphic and is composed of 13 to 33 repeats of a 19 residue element, each of which contains two consensus sequences for chondroitin sulphate attachment. The CS2 domain contains the remaining chondroitin sulphate side chains which are somewhat less densely packed than in the CS1 domain. The C-terminal globular domain (G3) results from the expression of a series of exons that encode two epidermal growth factor-like (EGF) repeats, a C-type lectin domain and a complementlike repeat (CRP) domain. Alternate splicing results in the production of variants lacking either or both EGF domains and/or the CRP domain; however the lectin domain is always present. The G3 domain has been shown to interact with tenascins (Aspberg, 2012) and fibulins (Olin et al., 2001 ) which may help localise the aggrecan molecules within the disc matrix. With age and degenerative disease, aggrecan undergoes extensive degradation by multiple proteolytic enzymes particularly of the ADAMTS and MMP families (Sztrolovics et al., 1997) . Based on previous studies, intervertebral disc proteoglycans have been divided into two varieties, aggregating and non-aggregating (Melrose and Roughley, 2013) . The aggregating proteoglycans are able to interact with hyaluronan and consist of aggrecan along with a smaller amount of another hyalectan, versican. Small leucine-rich repeat proteoglycans such as decorin and biglycan make up some of the non-aggregating proteoglycans, but most of this category is thought to consist of proteolytic products of aggrecan derived from the KS/CS1/CS2 regions and lacking the G1 domain. Non-aggregating proteoglycans were found to be more abundant than aggregating proteoglycans in the human nucleus pulposus (Jahnke and McDevitt, 1988) .
In this study, adult human intervertebral disc aggrecan was analysed to determine the nature of the non-aggregating components derived from aggrecan. Analysis of the domain structure of the different components indicated that many of the non-aggregated aggrecan molecules retained their G1 domain; however in many cases they appeared to lack the ability to bind hyaluronan. Modification of the G1 domain as a consequence of the formation of advanced glycation end products, which are known to accumulate with ageing, is proposed as the origin of this loss of hyaluronan-binding activity.
Materials and Methods

Proteoglycan preparation
Human discs were obtained at autopsy. Lumbar discs were dissected and cut into small fragments (13.5 g wet weight) and extracted in 200 mL of 4 M guanidinium chloride, The disc proteoglycan preparation was digested with keratanase II and chondroitinase ABC then analysed by western blotting using antisera specific for different regions of the aggrecan molecule. Sample loading was adjusted to overcome differences in antisera affinity and facilitate comparison between the tracks. G1, 2.25 µg; G2, 7.5 µg; CS1, 7.5 µg; G3, 7.5 µg; CS (chondroitin 4-sulphate stubs), 0.75 µg. Migration positions of pre-stained molecular weight standards are indicated on the left.
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Origin of non-aggregating disc aggrecan 0.1 M Tris HCl, pH 7.5 containing 1 mM EDTA and 4 protease inhibitor cocktail tablets (Roche Diagnostics, Basel, Switzerland) at 4 ºC for 48 h with stirring. The extract was filtered through glass wool and dialysed exhaustively against 50 mM Tris HCl, pH 7.5. Caesium chloride was added to the dialysed extract to a final density of 1.6 g/ mL (0.8 g/mL of extract) and the mixture centrifuged at 33,000 rpm using a Ti50.2 rotor (Beckman Coulter, Missisauga, Ont., Canada) for 48 h at 4 °C. The gradient tubes were fractionated into 14 x 3 mL fractions with the top fraction consisting of mostly gelatinous material. Fractions were monitored for A280 and glycosaminoglycan (GAG) content. The five lowest density fractions were pooled and dialysed exhaustively against water. A portion (40 mL) was then dialysed into 0.1 M Tris HCl for sub-fractionation by gel filtration chromatography and the remainder was freeze-dried (A1-preparation). Bovine foetal epiphyseal cartilage proteoglycan aggregate (A1) and aggrecan (A1D1) were purified as described previously (Roughley and White, 1980) .
Separation of aggregated and non-aggregated proteoglycans
Aliquots (5 mL at 2 mg/mL) of the dialysed A1 preparation were loaded onto a 2.5 x 120 cm Sepharose CL2B column and eluted with 0.1 M Tris HCl, pH 7.5 at a flow rate of 30 mL/h. Fractions (5 mL) from 8 such column runs were analysed for GAG content, pooled, dialysed against water, then freeze-dried for further analysis. Aggregated proteoglycan was prepared from fractions eluting at the void volume of the column, and non-aggregated proteoglycan from fractions within the included volume ( Fig. 2a) .
Glycosaminoglycan assay
Sulphated GAG content was determined by the dimethylmethylene blue (DMMB) colourimetric assay using chondroitin 6-sulphate (from shark cartilage, SigmaAldrich, St. Louis, MO, USA) as a standard (Farndale et al., 1986) .
Sodium dodecyl sulphate polyacrylamide gel electrophoresis and immunoblotting
Aggrecan samples were digested with keratanase II and chondroitinase ABC prior to electrophoresis (Durigova et al., 2008) . Samples were resolved on Novex 4-12 % gradient NuPAGE Bis-Tris gels (Invitrogen/ Life Technologies, Carlsbad, CA, USA) under reducing conditions, and transferred to nitrocellulose membranes for immunoblotting, as recommended by the manufacturer. Aggrecan and its degradation products were detected using rabbit polyclonal antibodies recognising the aminoterminal G1 and G2 domains (Sztrolovics et al., 2002) , the CS1 region (Roughley et al., 2006) and the carboxyterminal G3 domain (Roughley et al., 2003) of human aggrecan. The mouse monoclonal antibody, 6B, specific for the unsaturated chondroitin-4-sulphate hexasaccharide remaining on the aggrecan core protein following chondroitinase ABC digestion was kindly provided by Dr. A.R. Poole. Biotinylated anti-rabbit or anti-mouse IgG was used as a secondary antibody, followed by incubation with a streptavidin biotinylated horseradish peroxidase complex (Amersham, Amersham, UK). Finally Amersham ECL western blot detection reagents were used to visualise the reactive bands.
Ribose treatment
Bovine foetal epiphyseal cartilage proteoglycan aggregate (A1) and purified aggrecan (A1D1) at 1 mg/mL were incubated with various concentrations of D-(-)-ribose (Sigma-Aldrich) for extended periods in phosphate buffered saline (PBS; 10 mM sodium phosphate, pH 7.2, 0.145 M NaCl).
Agarose gel electrophoresis
Aggrecan (100 µg in 100 µL of PBS) was treated with up to 0.1 M ribose for 4 days at 37 °C. Samples (20 µL) were incubated with or without 2 µg of hyaluronan at room temperature for 20 min and aliquots (10 µL) were analysed by 1.2 % agarose gel electrophoresis with Toluidine blue staining (Lee and Cowman, 1994) . (a) The disc proteoglycan preparation was fractionated by gel filtration chromatography through Sepharose CL2B and fractions assayed for glycosaminoglycan content. (b) Fractions were combined into four pools as indicated and further analysed by western blotting using antisera specific for different regions of the aggrecan molecule. Sample loading was adjusted to overcome differences in antisera affinity and facilitate comparison between the tracks. G1, 2.25 µg; G2, 7.5 µg; G3, 7.5 µg; CS (chondroitin 4-sulphate stub), 0.75 µg. Migration positions of pre-stained molecular weight standards are indicated on the left.
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Reduction and alkylation
Aggrecan samples (1 mg/mL) in 4 M guanidinium chloride, 50 mM Tris/HCl, pH 7.4 containing 5 mM dithiothreitol were incubated at 37 °C for 4 h. Iodoacetamide was then added to a final concentration of 15 mM and the mixture left at room temperature overnight. The samples were dialysed into column buffer (0.1 M Tris/HCl pH 7.5, 50 mM NaCl) for analysis by Sephacryl S-1000 chromatography.
Sephacryl S-1000 chromatography
Hyaluronan (20 µg) was added to aggrecan samples (1 mg/ mL) treated with or without ribose. Samples were loaded onto a 1 x 100 cm Sephacryl S-1000 column equilibrated with 0.1 M Tris/HCl, pH 7.5, 50 mM NaCl and eluted with a flow rate of 6 mL/h. 1 mL fractions were collected and analysed for GAG content.
Atomic force microscopy
Aggregated and non-aggregated proteoglycan preparations (50 µL at 100 µg/mL GAG) were deposited on 3-aminopropyltriethoxysilane (APTES; Sigma-Aldrich) -treated muscovite mica surfaces (SPI Supplies, West Chester, PA, USA) for 20-30 min at room temperature, rinsed gently with MilliQ water and air dried. Samples were imaged using a Nanoscope IIIa Multimode AFM (Veeco, Santa Barbara, CA, USA) in tapping mode at ambient conditions using probe tips with rectangular Si cantilevers (AC240TS-2, Olympus, nominal spring constant k = 2 N/m, nominal tip radius < 10 nm) (Lee et al., 2013) .
Results
The proteoglycan content of the adult human lumbar discs was extracted under denaturing conditions and, following dialysis into renaturing conditions, purified by caesium chloride density gradient ultracentrifugation. After digestion with keratanase and chondroitinase ABC to reduce the glycosaminoglycan chains to remnant oligosaccharides, the proteoglycan (A1) fraction was analysed by western blotting using antibodies specific for different regions of the aggrecan molecule (Fig.  1b) . The G1 domain was present in a wide variety of constituents ranging from the intact core protein to isolated G1 components previously shown to result from MMP or aggrecanase cleavage of the interglobular region (Sztrolovics et al., 1997) . The G2 domain was present in all components greater than 100 kDa in size. The G3 domain was predominantly present in the intact aggrecan core protein although a small amount of lower molecular weight material was present. CS1-containing material consisted of the intact molecule and components migrating greater than 200 kDa. Staining for the chondroitin 4-sulphate stubs remaining following chondroitinase ABC digestion mirrored the pattern observed for CS1. Surprisingly there was little evidence for fragments lacking the G1 domain, as would have been expected for intervertebral disc which has been reported to possess a high level of non-aggregating proteoglycans derived by proteolysis of aggrecan. The intervertebral disc proteoglycan constituents were further resolved into aggregating and non-aggregating components by gel filtration chromatography (Fig. 2) . The resulting fractions were collected into four pools. Pool 1 -aggregated proteoglycan; Pools 2-4, -large, medium and small non-aggregated proteoglycans. The different aggrecan domains were analysed in these four proteoglycan pools. The G1 domain predominated in pool 1 but was also observed in the other pools and was represented in all components recognised by the antibodies specific for the other aggrecan components. The G3 domain was predominant in pools 1 and 2, but deficient in pools 3 and 4 as expected if proteolysis occurs from the C-terminus. It should be noted that no very small chondroitin sulphate- 
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containing fragments (which would elute close to the V t region) were present in the preparation. Thus it appears that both aggregating and non-aggregating proteoglycans in the intervertebral disc can possess a G1 domain. Aggregated and non-aggregated intervertebral disc preparations were also imaged directly by atomic force microscopy (Fig. 3) . A wide range of size heterogeneity was present in the case of the aggregated proteoglycan samples, where components representing isolated globular regions are seen through to intact aggrecan molecules in which globular regions are clearly visible at both ends of the extended proteoglycan filament. Essentially the same pattern of molecules is observed for the non-aggregated proteoglycans, where G1 domains are visible in many of the molecules. This finding complements the conclusions reached by western blotting analysis.
To verify that the high abundance of non-aggregated aggrecan was not due to a deficiency of hyaluronan in the disc extract, the ability of the disc proteoglycan preparation to form aggregates with exogenously added hyaluronan was analysed by Sephacryl S1000 chromatography (Fig.  4) . When chromatographed in the absence of hyaluronan, most of the GAG-containing material eluted in the included volume. The profile was essentially unchanged when the sample was treated with hyaluronan prior to elution, indicating that the G1 domains in the nonaggregated aggrecan molecules were unable to interact with hyaluronan. Moreover, reduction and alkylation of the proteoglycan preparation prior to analysis had no effect on the size of the smaller aggrecan molecules (Fig. 4) , demonstrating that the non-aggregated proteoglycan pools represent single molecules rather than small aggregates.
The above findings indicate that, in contrast to expectations, the non-aggregated fraction of intervertebral disc aggrecan appears to retain the G1 domain but its function is impaired. Since it is well established that nonenzymatic glycation of matrix molecules is a consequence of ageing in connective tissues, the possibility of such chemical modification of the G1 domain was investigated using a model system in which bovine aggrecan was incubated with various concentrations of the reducing sugar ribose at 37 °C for four days. The ability of the resulting proteoglycan to form aggregates with hyaluronan was analysed by agarose gel electrophoresis (Fig. 5) . In the absence of hyaluronan, bovine aggrecan migrates into the gel as a well-defined band. However in the presence of hyaluronan this migration is retarded due to aggregation and the proteoglycan remains immobilised at the origin, indicating that all of the aggrecan is present in the aggregated form. While incubation in the presence of increasing concentrations of ribose did not alter the migration of the aggrecan, indicating the absence of any catabolic event, this treatment had a dramatic effect on its ability to form aggregates. Based on these studies 100 mM ribose was used in further studies.
The effect of ribose on the ability of aggrecan to form high molecular weight aggregates was confirmed by gel exclusion chromatographic analysis in the presence of 2 % hyaluronan. Extended incubation at 45 °C in the presence of 100 mM ribose resulted in a substantial decrease in the percentage of the aggrecan that was able to elute at the void volume of the column (Fig. 6a) . However, the elution position or the monomer fraction was not altered by the treatment confirming the absence of proteolytic degradation. Thus, non-enzymatic glycation can prevent proteoglycan aggregate formation. However, this does not prove that it could destabilise existing aggregates. To test Fig. 4 . Lack of interaction of intervertebral disc proteoglycan with hyaluronan. The disc proteoglycan preparation (1 mg) was analysed alone or with additional hyaluronan (20 µg) by Sephacryl S-1000 chromatography, and the glycosaminoglycan content of the fractions determined. Additional samples were also reduced and alkylated (R/A) prior to analysis. Elution positions for the void volume (V 0 ) and total column volume (V t ) are indicated. Fig. 5 . Effect of ribose treatment on the ability of aggrecan to complex with hyaluronan. Bovine aggrecan (100 µg) was incubated with the indicated ribose concentrations (0-100 mM) for 4 days at 37 °C. Samples for each ribose concentration were analysed directly or treated with hyaluronan (2 µg) at room temperature for 20 min, and 10 µg aliquots were then analysed by agarose gel electrophoresis and Toluidine blue staining.
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Origin of non-aggregating disc aggrecan this possibility, a bovine A1 preparation was incubated with 100 mM ribose for 10 weeks at 25 °C. In the absence of ribose about 40 % of the proteoglycan eluted in the aggregated form at the void volume, while prior incubation with ribose resulted in a reduction of the void volume peak to about 10 % of the total. Control experiments investigated possible degrading effects of ribose on hyaluronan under the same conditions. No change in hyaluronan size was seen on agarose gel electrophoresis (data not shown), indicating that dissociation of aggregates observed under conditions favouring non-enzymatic glycation is not due to hyaluronan cleavage but rather modification of the aggrecan G1 domain to impair its interaction with hyaluronan.
Discussion
It has been reported previously that a large fraction of the proteoglycan isolated from the adult human intervertebral disc is unable to form aggregates with hyaluronan. This has been attributed to proteolytic cleavage of the aggrecan core protein and consequent absence of the hyaluronanbinding G1 domain from many of the fragments. In the present analysis of the non-aggregated fraction of disc proteoglycan using antibodies specific for the different aggrecan domains, most of the non-aggregated fraction appeared to retain immuno-reactive G1 material, suggesting that, rather than being removed by proteolytic action, this region had been rendered non-functional. This effect was reproduced in vitro by generation of glycation products, suggesting that loss of the ability of the aggrecan to form stable complexes may be a consequence of chemical modification of the G1 domain as occurs during non-enzymatic glycation. Non-enzymatic glycation occurs through a complex series of reactions, originating with the interaction of the side chains of lysine and arginine residues in proteins with the carbonyl group on reducing sugars, resulting in the generation of Maillard products (Vistoli et al., 2013) and is usually considered to be a consequence of natural ageing. In connective tissues many components are susceptible to derivatisation, in particular collagen and aggrecan. Various sugars have been shown to introduce pentosidine crosslinks into proteins (Sell and Monnier, 1989) and the content of this product can be used as a measure of the extent of non-enzymatic glycation. The rate of crosslink formation by pentoses is greater than by hexoses, with ribose being the most reactive monosaccharide in vitro (Dyer et al., 1991) . The higher reactivity of ribose over glucose is thought to relate to the presence of a higher proportion of the reactive acyclic isoform in the former (Cho et al., 2007) . In vivo, it is unlikely that ribose concentrations are sufficient to contribute substantially to pentosidine formation and glucose is probably the major monosaccharide involved. An increase in Maillard products, as exemplified by pentosidine, has been reported for cartilage collagen (Verzijl et al., 2000) and aggrecan (Verzijl et al., 2001 ) and a similar increase in abundance of pentosidine derivatisation was observed in human intervertebral disc collagen and aggrecan with age (Sivan et al., 2006a) . Due to the relatively long lifetime of aggrecan in human articular cartilage (Sivan et al., 2006b) , the accumulation of modified lysine side chains would be expected to have functional consequences for the interaction of the aggrecan G1 domain with hyaluronan, since lysine residues have been shown be contribute to this process (Hardingham et al., 1976) . In order to mimic this process, in vitro, in a feasible time period, the reactive sugar ribose was incubated with functional bovine aggrecan at slightly higher than physiological temperature. Under these conditions, the ability to aggregate with hyaluronan was lost in 3-4 days. In contrast 2.5 months of incubation was required (at room temperature) to destabilise a pre-existing aggrecan/hyaluronan/link protein complex, indicating that the lysine residues mediating these interactions are slowly accessible to modification while in the disc tissue.
Our findings that the G1-domain is retained in the non-aggregated fraction of intervertebral aggrecan, and that "ageing" of aggrecan and aggrecan/hyaluronan/link protein complexes in vitro by incubation with ribose leads Bovine proteoglycan aggregate (A1, 1 mg) was treated with or without 100 mM ribose for 2.5 months at room temperature. Samples were analysed directly by Sephacryl S-1000 chromatography and the glycosaminoglycan content of the resulting fractions determined. Elution positions for the void volume (V 0 ) and total column volume (V t ) are indicated.
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Origin of non-aggregating disc aggrecan to loss of the ability of G1-containing aggrecan molecules form stable complexes with hyaluronan, suggest that nonenzymatic glycation reactions in the intervertebral disc can have a detrimental functional effect on the endogenous aggrecan molecules which increases with age. Aggrecan molecules isolated from intervertebral disc varied widely in size indicating that they had undergone extensive proteolysis; however, there was little evidence for proteoglycan fragments lacking the G1 domain. As appears to be the case in cartilage, it is likely that these products are lost from the tissue by diffusion due to their small size. However, although the remaining G1-containing aggrecan molecules are retained in the disc tissue, they would not be as constrained as fully functional hyaluronan-associated complexes. As a consequence, these large proteoglycans, while restricted to the nucleus pulposus, may be able to migrate within it, reducing the ability of the tissue to resist compression under asymmetric loading, such as bending, and ultimately contributing to disc degeneration.
While in the present study ribose was used to induce glycation reactions with aggrecan because of its enhanced reactivity relative to other reducing sugars (Sell and Monnier, 1989) , glucose may play a more prominent role in vivo. The increased abundance of glucose, in the circulation in diabetes, renders it a major hazard and protein glycation is an unfortunate consequence of the disease leading to vascular insufficiency (Harcourt et al., 2013) . In addition, as the present study would suggest, increased intervertebral disc degeneration is also a consequence of diabetes (Illien-Junger et al., 2013; Robinson et al., 1998) .
Conclusions
The human intervertebral disc is a sealed environment where the products of proteolytic degradation of aggrecan are retained until cleaved into small products. The previous finding that the majority of the proteoglycans extracted from intervertebral disc are unable to form complexes with hyaluronan was confirmed in this study, but the results suggest that, in addition to proteolytic degradation, non-enzymatic glycation of the aggrecan core protein contributes to their generation. Non-enzymatic glycation results in reduction of the ability of the G1 domain to bind to hyaluronan, and lowers the effective size of the glycosaminoglycan-containing molecules allowing them to migrate within the tissue extracellular matrix, impairing the stability of the intervertebral disc to bending motions and likely contributing to disc degeneration. These findings provide argument for the use of inhibitors of advancedglycation end products as a long term strategy to promote disc health.
